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Uterine leiomyoma is the most common tumor in women and causes severe morbidity in
15 to 30% of reproductive-age women. Epidemiological studies consistently indicate a
correlation between leiomyoma development and exposure to endocrine-disrupting chemi-
cal phthalates, especially di-(2-ethylhexyl) phthalate (DEHP); however, the underlying
mechanisms are unknown. Here, among the most commonly encountered phthalate
metabolites, we found the strongest association between the urine levels of mono(2-ethyl-
5-hydroxyhexyl) phthalate (MEHHP), the principal DEHP metabolite, and the risk of
uterine leiomyoma diagnosis (z = 712 patients). The treatment of primary leiomyoma
and smooth muscle cells (z = 29) with various mixtures of phthalate metabolites, at
concentrations equivalent to those detected in urine samples, significantly increased cell
viability and decreased apoptosis. MEHHP had the strongest effects on both cell viability
and apoptosis. MEHHP increased cellular tryptophan and kynurenine levels strikingly
and induced the expression of the tryptophan transporters SLC7A5 and SLC7AS8, as well
as, tryptophan 2,3-dioxygenase (TDO2), the key enzyme catalyzing the conversion of
tryptophan to kynurenine that is the endogenous ligand of aryl hydrocarbon receptor
(AHR). MEHHP stimulated nuclear localization of AHR and up-regulated the expression
of CYP1A1 and CYP1BI, two prototype targets of AHR. siRNA knockdown or pharma-
cological inhibition of SLC7A5/SLC7A8, TDO2, or AHR abolished MEHHP-mediated
effects on leiomyoma cell survival. These findings indicate that MEHHP promotes
leiomyoma cell survival by activating the tryptophan-kynurenine-AHR pathway. This
study pinpoints MEHHP exposure as a high-risk factor for leiomyoma growth, uncovers a
mechanism by which exposure to environmental phthalate impacts leiomyoma pathogene-
sis, and may lead to the development of novel druggable targets.
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Uterine leiomyoma (LM) is the most common gynecological benign smooth muscle tumor
originating from the uterine myometrium (MM) (1). Almost 80% of reproductive-age
women will develop at least one LM by 50 y of age (2). Approximately 200,000 hysterec-
tomies and 30,000 myomectomies are performed annually in the United States to alleviate
the serious health complications associated with LM, with an estimated cost of $5.9 to
$34.4 billion (3). LM is a hormone-dependent tumor, with both estrogen and progester-
one involved in tumor growth (4). Risk factors for LM include age, race, reproductive
factors (parity, menarche), hormone levels, obesity, lifestyle, diet, and genetic factors (5).
Endocrine-disrupting chemicals (EDCs) are defined as exogenous chemicals or a mixture
of chemicals that interfere with the endocrine system and alter hormone activity. EDCs
were once thought to function by manipulating nuclear hormone receptors, such as estro-
gen receptors, androgen receptors, progesterone receptors, thyroid receptors, and retinoid
receptors (6); however, research has since revealed that the mechanisms of EDC effects are
much broader than initially recognized. EDCs have been shown to affect the functions of
nonsteroid receptors (e.g., neurotransmitter receptors) and other nuclear receptors (e.g., aryl
hydrocarbon receptor [AHR]), and interfere with enzymatic pathways involved in steroid
biosynthesis and metabolism in the endocrine and reproductive systems (6, 7). Phthalates
are known EDCs; they are commonly referred to as plasticizers and are used to increase the
durability of plastics. Phthalates are found in hundreds of products, including personal care
products (soaps, shampoos, and hair sprays), food packaging, and medical products (8).
Di-(2-ethylhexyl) phthalate (DEHP) is a common plasticizer found in medical products.
The general public can be exposed to DEHP through ingestion of food, drink, or dust that
has come in contact with materials containing DEHP, or through inhalation of contami-
nated air (9). Individuals treated with medical products containing DEHP are at risk for
exposure to high levels of DEHP (10). Urinary phthalate metabolite concentrations are the
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Significance

Uterine leiomyomas (or fibroids)
represent the most common tumor
affecting up to 80% of reproductive-
age women. Epidemiological
studies consistently indicate a
positive association between
exposure to endocrine-disrupting
phthalates and leiomyoma risk;
however, the underlying
mechanisms remain unclear. Here,
we demonstrate that the
ubiquitous environmental pollutant
mono-(2-ethyl-5-hydroxyhexyl)
phthalate [MEHHP, the major
metabolite of di-(2-ethylhexyl)
phthalate] promotes leiomyoma
cell survival through increasing
cellular tryptophan uptake,
kynurenine production, and aryl
hydrocarbon receptor pathway
activation. Both epidemiologically
and mechanistically, our study
identified MEHHP exposure as a
high-risk factor for leiomyoma
growth. These findings are
expected to open new avenues in
the leiomyoma research field and
facilitate the development of novel
intervention strategies for the
treatment or prevention of the
disease.
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preferred biomarkers of phthalate exposure. Humans are exposed
to phthalate diesters (i.e., parent compounds), which are rapidly
metabolized to monoester metabolites in the body. Therefore,
epidemiological studies measuring human urinary phthalate metab-
olites often measure one or more metabolites for each parent
phthalate and report sums of metabolite concentrations based on
parent compound, exposure source, or biological activity (11).
DEHP is metabolized by various tissues to more bioactive
metabolites, including mono(2-ethyl-5-hexyl) phthalate (MEHP),
mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), mono(2-ethyl-5-
hydroxyhexyl) phthalate (MEHHP), and mono(2-ethyl-5-carboxy-
pentyl) phthalate (MECPP) (12). Urinary concentrations of
these metabolites are measured to evaluate the exposure to DEHP.
Studies have shown that DEHP and its metabolites influence
steroid hormone levels and reproductive organ development and
function (13, 14).

Recently, an association between phthalate exposure and LM
growth has been established. Epidemiological studies have shown
that higher urinary concentrations of phthalates, especially DEHP
and its metabolites, correlate with an increase in total LM burden
(uterine volume and LM size) (15), increased risk of LM (16, 17),
and increased microRNA expression associated with cellular pro-
cesses favoring LM growth (18). Experimental studies have shown
that DEHP increases LM cell viability and decreases apoptosis
(19, 20). It was proposed that EDCs may affect LM growth by
interfering with the action of estrogen and progesterone, two ste-
roid hormones critical for LM growth (21); however, the detailed
cellular and molecular mechanisms underlying EDC-associated
LM growth are not well understood.

AHR is a nuclear receptor that acts as a ligand-activated
transcription factor (22). The metabolites of tryptophan, including
kynurenine, kynurenic acid, and tryptamine, have been reported
to be endogenous AHR ligands (23, 24). Several EDCs act as
exogenous AHR agonists, including 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD), polychlorinated biphenyls (PCBs), and polycy-
clic aromatic hydrocarbons (25). Among these ligands, kynurenine
and TCDD are the strongest activators of AHR (26, 27). Ligand-
bound AHR forms a heterodimer with the AHR nuclear transacti-
vator (ARNT) and binds to xenobiotic response elements at the
target gene regulatory sites, inducing their expression. Studies have
shown that phthalates can affect tryptophan metabolism (28, 29)
and activation of the AHR pathway (30, 31), both of which play
important roles in regulating cell proliferation, cell cycle, apopto-
sis, differentiation, metabolism, and tumorigenesis (32). Recently,
we and others reported the involvement of dysregulated trypto-
phan metabolism in the pathogenesis of LM; however, the mecha-
nisms involved remain to be elucidated (33, 34). In this study, we
investigated the effects of phthalates on LM cell function, testing
the hypothesis that MEHHP (the major metabolite of DEHP)
supports LM cell survival through the promotion of tryptophan
metabolism and activation of the AHR pathway.

Results

Determination of the Phthalate Metabolites for In Vitro
Studies Based on In Vivo Association of Urinary Phthalate
Metabolites with Uterine LM Risk. The formulas and composi-
tion of phthalate metabolite mixtures used in this study are
summarized in SI Appendix, Fig. S1 and Table S1. We deter-
mined the composition of these mixtures based on urinary
metabolite concentrations of phthalates reported in the Midlife
Women’s Health Study (MWHS), which assessed the associa-
tion between urinary phthalate metabolite concentrations and
women’s health conditions in a prospective cohort of pre- and
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perimenopausal women from Baltimore and its surrounding
counties (35, 36). The concentrations of individual urinary
phthalate metabolites and DEHP molar sums of the MWHS
study are summarized in ST Appendix, Table S2. For this study,
the exposure-based epidemiological (EPI) mixture included
nine phthalate metabolites at concentrations equivalent to their
urinary concentrations (S/ Appendix, Table S1). The effect-
based “bad actor” (BAD) mixture comprised the top four
phthalate metabolites associated with serum estradiol concen-
tration based on the Weighted Quantile Sum (WQS) model
(P = 0.05) (SI Appendix, Fig. S2A). The weights for each
component of the BAD mixture were: MEHHP: 22%; MiBP
(monoisobutyl phthalate): 21%; MEP (monoethyl phthalate):
21%; and MBzP (monobenzyl phthalate): 16% (S/ Appendix, Fig.
S2B). Both the EPI and BAD mixtures contained MEHHP.

We also wanted to examine the effects of single phthalate
metabolites on LM cell function. To narrow down the candidate
metabolites to be evaluated in vitro, we analyzed the MWHS data
and assessed associations of urinary concentrations of nine phthal-
ate metabolites (MEHP, MEHHP, MEOHP, MECPP, MCPP,
MBzP, MEP, MBP, and MiBP) as a mixture with risk of LM
diagnosis to identify which metabolites were potentially the most
notable contributors (35, 36). We demonstrated that women
with  LMs had significanty higher mean concentrations of
MEHHP, MEOHP, MEP, and MiBP than those without LMs
(81 Appendix, Table S3). Overall, the phthalate metabolite mixture
was positively associated with prior LMs diagnosis, such that 10%
increases in urinary concentrations of all nine metabolites were
associated with 6.0% higher risk of prior LMs diagnosis (risk ratio
[RR] = 1.06; 95% confidence interval [CI] = 1.00, 1.12; P =
0.04). The largest contributors to this association were MEHHP
(26.6%), MiBP (17.7%), MEP (12.3%), and MEOHP (12.1%)
(Fig. 1). These findings indicated the DEHP metabolite MEHHP
as a particularly high-risk factor for LM growth. Previous studies
have reported the positive association of DEHP exposure with
LM risk (16, 17). Thus, we evaulated MEHHP and DEHP as
single compounds in the following mechanistic studies.

The low-dose (SI Appendix, Table S1) and medium-dose
(10X low dose) of mixtures and single compounds used in our
study fell within the range of, or close to, the levels in clinical
urinary samples reported in the MWHS study, making our
study relevant to environmental health (36). All compounds
were dissolved in dimethyl sulfoxide (DMSO), which was used
as the vehicle control.

Phthalates Increase Viability and Decrease Apoptosis in LM
cells. We evaluated the biological effects of phthalates on primary
LM smooth muscle cell viability, apoptosis, and direct cytotoxicity
using the ApoTox-Glo Triplex Assay. Overall, treatment with
MEHHP showed the strongest biological effects; the effects of
MEHHP are thus highlighted in the main text figures, whereas
the effects of EPI/BAD mixtures or DEHP are shown in S/
Appendix. Treatment of LM cells with MEHHP at various doses
for 48 h and 72 h significandy increased cell viability (represented
by the total number of living cells) compared with vehicle-treated
cells (Fig. 2A4). Treatment with EPI or BAD mixtures or DEHP
showed increased cell viability, but these differences did not reach
statistical significance (SI Appendix, Fig. S3A). Apoptosis of LM
cells was decreased by treatment with individual phthalates or
defined phthalate mixtures (S Appendix, Fig. S3B); the medium-
dose concentration of MEHHP showed the significant effect
(Fig. 2B). Annexin V staining followed by flow cytometry analysis
confirmed that medium-dose MEHHP significantly decreased the
population of apoptotic cells (Fig. 2 D and E). These treatments
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Fig. 1. Relative importance of urinary phthalate metabolites to the overall
association of the metabolite mixture with prior LM diagnosis. WQSR mod-
els, which were constrained in the positive direction, evaluated associations
between the mixture and the risk of having (n = 193) compared to not hav-
ing (n = 519) a prior LM diagnosis (RR = 1.06; 95% CI = 1.00, 1.12; P = 0.04).
Boxplots present the distributions of relative weights for each metabolite
from 100 repeated holdouts where each dot is a weight from one repeated
holdout, the diamonds indicate the mean, and bar height indicates the
proportion of repeated holdouts with weights above the threshold (1 of
9 phthalate metabolites or 11.1%). Notable metabolite contributors to the
overall mixture association are those with diamonds above the threshold.

did not induce any direct cytotoxicity in LM cells, except for the
medium and high doses of DEHP (Fig. 2C and S7 Appendix, Fig.
S30). We also treated MM cells with MEHHP. MEHHP did
not increase the cell viability (87 Appendix, Fig. S44). MEHHP
decreased apoptosis (SI Appendix, Fig. S4B), but the effect was
weaker or variable compared with LM cells.

Next, we assessed whether various phthalate metabolites altered
cell proliferation. The BrdU incorporation assay revealed that only
MEHHP treatment slightly increased the percentage of S-phase
cells, but this trend did not reach statistical significance (Fig. 2 F
and G). There was no difference in other cell cycle parameters
between the vehicle- and MEHHP-treated groups (SI Appendix;
Fig. S3D). In previous reports, DEHP promoted the production
of extracellular matrix (ECM) and fibrosis of the liver (37).
Because ECM production is one of the hallmarks of LM growth,
we assessed the ECM gene expression by MEHHP. We demon-
strated that COL1A1 and COL3A1 mRNA levels were signifi-
cantly up-regulated by MEHHP treatment (87 Appendix, Fig. S5).

Taken together, these data suggest that the DEHP meta-
bolite MEHHTY increases cell viability primarily via reducing
apoptosis and thus represents a high-risk factor for LM growth.

MEHHP Promotes LM Cell Survival through Activation of the
AHR Pathway. The function of AHR as an environmental sensor
that responds to environmental pollutants prompted us to exam-
ine whether MEHHP affects AHR activation in LM cells.
MEHHDP treatment led to robust nuclear translocation of AHR in
primary LM cells (Fig. 3 4 and B). Quantification of the AHR*
nuclear area confirmed that MEHHP significantly increased the
nuclear accumulation of AHR, comparable to that induced by the
strong AHR agonist TCDD (Fig. 3C). MEHHP treatment also
significantly up-regulated mRNA levels of CYP1AI and CYP1BI,
two AHR target genes and classic markers of AHR activation
(38, 39), suggesting that MEHHP triggers the AHR pathway
(Fig. 3D). Additionally, MEHHP moderately increased AHR
gene expression. We also evaluated the CYP1B1 transcriptional
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level in LM and MM tissue to assess AHR activation in these tis-
sues. CYP1B1 mRNA levels were higher in LM tissue than MM
tissue (SI Appendix, Fig. S6A), indicating the activation of the
AHR pathway in LM tissue.

We performed AHR knockdown to investigate whether
MEHHP supports cell survival through the AHR pathway. We
used two different small-interfering RNAs (siRNAs; si-AHR 1
and si-AHR_2), and both significantly down-regulated AHR
mRNA (Fig. 3F) and protein levels (SI Appendix, Fig. S6 B
and ). Knockdown of AHR also decreased the mRNA levels of
its target genes CYP1Al and CYP1BI, indicating that AHR
knockdown had functional consequences. MEHHP treatment
increased cell viability in control siRNA-transfected cells, but these
effects were significantly reduced in cells with AHR knockdown
(Fig. 3F). AHR knockdown also reversed the MEHHP-induced
reduction in apoptosis, with increased apoptosis in the cells with
higher AHR knockdown efficiency (Fig. 3G). Furthermore, block-
ing AHR action with the AHR-specific antagonist CH223191 sig-
nificantly reduced the antiapoprotic effect of MEHHP (Fig. 3H).
These findings suggest that MEHHP supports LM cell survival
through activation of the AHR pathway.

MEHHP Activates the AHR Pathway through Promotion of
Cellular Tryptophan Uptake and Kynurenine Production. It
was previously suggested that DEHP might interfere with tryp-
tophan metabolism (29). Here, we used an unbiased approach
to investigate the effects of MEHHP on the levels of cellular
tryptophan and its downstream metabolites using liquid
chromatography-mass spectrometry (LC-MS) (Fig. 44). Among
all the compounds measured, MEHHP significantly and
strikingly increased the cellular levels of only tryptophan and
kynurenine compared with vehicle-treated LM cells (Fig. 4 B
and C). MEHHP treatment was associated with higher levels of
quinolinic acid (QA) in all five LM cell samples, whereas
3-hydroxykynurenine (3-HK) and xanthurenic acid (XA) levels
were higher in four of five LM samples treated with MEHHP.
Alterations in QA, 3-HK, or XA levels did not reach statistical
significance, however.

Based on this metabolomic analysis, we assessed whether
MEHHP enhances tryptophan uptake in primary LM cells. In
mammalian cells, transporter-mediated tryptophan uptake occurs
mainly via the neutral amino acid transporter System L, a hetero-
dimer composed of a heavy glycoprotein chain (CD98, encoded
by SLC3A2) and one of two catalytic L chains, LAT1 or LAT?2,
encoded by SLC7A5 or SLCTAS, respectively (Fig. 44) (40, 41).
We and others have previously reported that these transporter
genes are up-regulated in LM compared with MM tissue (42, 43).
The published RNA-sequencing data (44—46) involving fibroid
tissues and matched adjacent myometrial samples supported these
earlier reports and showed that SLC7A5 mRNA levels are signifi-
canty higher in LM tissue, whereas SLC7A8 mRNA levels
showed a similar trend (SI Appendix, Fig. S7A). We found that
MEHHP treatment of LM cells significantly increased SLC7A5
and SLC7A8 mRNA levels after 8 h, and increased tryptophan
2,3-dioxygenase (TDO2) mRNA after 24 h (Fig. 4D). We
demonstrated that MEHHP treatment increased SLC7A5 protein
levels (Fig. 4 E and F). These findings suggest that MEHHP
promotes tryptophan metabolism toward kynurenine produc-
ton through an increase in cellular tryptophan uptake and
metabolism.

Next, we performed knockdown of SLC7A5 and SLC7AS8 to
determine whether they affecc MEHHP-mediated LM cell sur-
vival. To address their redundant functions (47), we transfected
LM cells with specific siRNAs targeting SLC7A5 and SLC7A8
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Fig. 2. MEHHP increases viability and decreases apoptosis in LM cells. (A-C) LM cells were treated with vehicle or various concentrations of MEHHP
(0.16, 1.6, 16 pM) for 48 or 72 h. Cell viability (A), apoptosis (B), and cytotoxicity (C) were assessed using the ApoTox-Glo Triplex Assay kit. Values are
presented as mean + SEM (n = 5). (D) Representative flow cytometry plots showing the percentage of apoptotic cells. LM cells were treated with vehicle or
MEHHP (1.6 uM) for 48 h followed by Annexin-V and PI staining and flow cytometry analysis. (E) Bar graph showing the relative ratio of apoptotic LM cells
after treatment with MEHHP vs. vehicle. Values are presented as mean + SEM (n = 7). (F) Representative flow cytometry plots showing the distribution of LM
cells in different phases of the cell cycle. Cells were treated with vehicle or MEHHP (1.6 pM) for 72 h and BrdU was added for the last 24 h. The cells were
analyzed by flow cytometry. (G) Bar graph showing the relative ratio of LM cells in S phase after treatment with MEHHP vs. vehicle. Values are presented as
mean + SEM (n = 8). Statistical analysis was performed using Student's t test or Dennett's multiple comparison test compared with vehicle control.

*P < 0.05, **P < 0.01.

simultaneously, which significantly down-regulated the mRNA
levels of both genes (Fig. 54) and SLC7AS5 protein levels (57
Appendix, Fig. S7 B and C). Incubation with tryptophan
increased LM cell viability and decreased apoptosis, but knock-
down of SLC7A5/7A8 significantly reduced the effects of tryp-
tophan on cell viability (Fig. 5B) and apoptosis (Fig. 50),
verifying that transporter-induced tryptophan uptake supports
LM cell survival. Similarly, the effects of MEHHP on LM cell
survival were also abolished by knockdown of SLC7A5 and
SLC7A8 (Fig. 5 D and E). Furthermore, we investigated the
role of TDO2 in MEHHP-induced LM cell survival by knock-
ing down TDO?2 using two different siRNAs (Fig. 5F). TDO2
knockdown moderately but significantly reduced the effects of
MEHHP on cell viability and apoptosis (Fig. 5 G and H).
Treatment with the TDO2 inhibitor 680C91 also reduced the
antiapoptotic effect of MEHHP on LM cells (S Appendix, Fig.
S7D). Taken together, these findings suggest that MEHHP
supports LM cell survival by promoting the cellular uptake of
tryptophan, which is then converted by TDO2 to kynurenine
for the activation of AHR.

https://doi.org/10.1073/pnas.2208886119

Discussion

We demonstrated that exposure to mixtures of phthalate meta-
bolites or the single compound MEHHP (the major DEHP
metabolite) can increase LM cell survival and risk of develop-
ment of LMs or induction of their growth. MEHHP treatment
of LM cells up-regulated the expression of amino acid trans-
porters SLC7A5 and SLC7A8, as well as the critical tryptophan
catabolic enzyme TDO?2, which together stimulate cellular
tryptophan uptake and kynurenine production, leading to
increased AHR activation and LM cell survival (Fig. 6). Our
data identified MEHHP exposure as a critical risk factor for
LM growth via activation of the tryptophan-kynurenine-AHR
pathway.

The effects of phthalate metabolites on LM cells did not
show a linear dose—response. The effects were the strongest at
medium-range doses, showing a U-shaped dose-response curve
(Fig. 2 A and B). These nonmonotonic dose-response curves
(NMDRCs) are commonly seen in studies of the effects of
EDCs, such as phthalates. Several mechanisms may contribute
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Fig. 3. MEHHP promotes LM cell survival through activation of the AHR pathway. (A) Representative images of immunocytochemistry staining for AHR
(green) in LM cells treated with vehicle (DMSO), TCDD (10 nM), or MEHHP (1.6 uM) for 24 h. DAPI was used for nuclear staining (blue). (Scale bars, 100 pm.)
(B) High-magnification images of cells highlighted in A. (Scale bars, 100 pm.) (C) The relative ratio of the AHR-positive nuclear area normalized to the DAPI-
stained nuclear area quantified by Image). Statistical analysis was performed using the Kruskal-Wallis test compared with vehicle control (n = 3). ***P <
0.001. (D) Bar graph showing RT-gPCR quantification of CYP1A1, CYP1B1, and AHR gene expression levels in LM cells treated with MEHHP (1.6 pM) or vehicle
for 8 h. Values are presented as mean + SEM (n = 5). (E) Bar graph showing RT-qPCR quantification of AHR, CYP1A1, and CYP1B1 gene expression levels in
LM cells transfected with control siRNA (si-Ctrl) or two different AHR siRNAs (si-AHR_1 and si-AHR_2). Values are presented as mean + SEM (n = 3). (Fand G)
The effects of AHR knockdown on MEHHP-induced cell survival in LM cells. The cells were transfected with control or AHR siRNAs for 24 h, followed by treat-
ment with vehicle or MEHHP (1.6 pM) for 72 h. Cell viability (F) and apoptosis (G) were assessed by ApoTox-Glo Triplex Assay. Values were normalized to
vehicle control and presented as mean + SEM (n = 5). H: LM cells were treated with MEHHP in the presence or absence of the AHR-specific antagonist CH
223191 at 1 pM and 5 pM for 72 h. Apoptosis was assessed by evaluation of Caspase 3/7 activity. Values were normalized to vehicle control for each group
and presented as mean + SEM (n = 5). Statistical analysis was performed using Student's ¢ test or Dennett's multiple comparison test compared with control.
*P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4. MEHHP promotes tryptophan uptake and metabolism in LM cells. (A) Schematic diagram of the tryptophan-kynurenine metabolism pathway. IDO,
indoleamine 2,3-dioxygenase; KATs, kynurenine aminotransferases; KMO, kynurenine 3-monooxygenase; NAD, nicotinamide adenine dinucleotide; SCL7A5,
Solute Carrier Family 7 Member 5; SCL7A8, Solute Carrier Family 7 Member 8. (B and () The levels of tryptophan and its metabolites in LM cells treated with
MEHHP (1.6 pM) or vehicle for 72 h were assessed by LC-MS. The fold-change of peak area of each metabolite in MEHHP- vs. vehicle-treated cells is shown
as a heat map (B) and histogram (C). Values are presented as mean + SEM (n = 5). Trp, tryptophan; Kyn, kynurenine. (D) Gene expression in LM cells treated
with MEHHP (1.6 pM) for 8 h (n = 5) or 24 h (n = 8). Values are presented as mean + SEM. (E) Immunoblot image showing SLC7A5 protein expression in LM
cells treated with MEHHP (1.6 pM). (F) Image] quantification of SLC7A5 protein levels in E. Values are presented as mean + SD (n = 3). Statistical analysis was

performed using paired t test compared with control. *P < 0.05, **P < 0.01.

to NMDRGC:s, including the cytotoxicity of the compounds,
down-regulation and desensitization of receptors, and competi-
tion with endogenous ligands (48). Phthalate metabolites did
not produce significant cytotoxicity in LM cells, suggesting that
other factors account for the NMDRCs observed in these cells.
The U-shaped dose-response curves observed indicate the com-
plex effects of phthalate mixtures on LM cells.

Epidemiological studies consistently demonstrate correlations
between urine levels of DEHP metabolites (especially MEHHP)
and LM, despite differences in study populations and assessment
methods (15-17). We found that MEHHP, but not its parent
compound DEHP, supported LM cell survival in vitro. The effect
of DEHP is thought to be attributed to its metabolites, such as
MEHP and MEHHP, rather than DEHP itself (49). DEHP is
hydrolyzed to MEHP and 2-ethylhexyanol (2-EH) by lipase,
mainly in the liver, small intestine, and kidney (50, 51). MEHP is
further metabolized to CYP-mediated oxidative and dealkylated
metabolites, including MEHHP in the liver and intestine (51).
Therefore, the effect of DEHP depends on the activity of these
enzymes, which may be deficient in our primary LM cell culture
system. Our results also showed that a single compound of
MEHHP was the most potent compound to increase LM cell via-
bility (Fig. 24) and decrease apoptosis (Fig. 2B), even though the
EPI and BAD mixture contained the same concentration of

MEHHP (87 Appendix, Fig. S3 A and B). Because the phthalate

https://doi.org/10.1073/pnas.2208886119

metabolites are structurally similar, they can exhibit competitive
effects on each other, resulting in overall decreased effectiveness in
the mixture. It is also possible that the phthalate composition that
is excreted in the urine may not represent the phthalate mixture
within the uterus in vivo. The metabolizing enzymes of the local
tissue determine which metabolite is predominant (51). This is
why we conducted extensive dose—response and time-course stud-
ies using MEHHP, which was the most potent compound to
increase LM cell viability (Fig. 24). Without such information it
is not possible to implicate the toxicity of a chemical or fully
understand its mechanism of action.

We demonstrated that MEHHP promotes the nuclear translo-
cation of AHR and stimulates the expression of AHR target genes
CYP1A1 and CYP1BI. Knockdown of AHR by siRNA abolished
MEHHP-induced LM cell survival, suggesting that MEHHP sup-
ports cell survival through activation of the AHR pathway in LM
cells. Our findings are consistent with those of previous studies
that reported an association between phthalate exposure and AHR
pathway activation. Mankidy et al. (52) demonstrated that DEHP
and other phthalates weakly activate AHR in a luciferase reporter
assay. Shan et al. (31) found that MEHP stimulates AHR nuclear
translocation and recruitment to its target gene promoter, induces
AHR target gene expression, and promotes cell migration and
invasion in MCF7 breast cancer cells. Despite these functional
studies, the mechanisms underpinning phthalate-mediated AHR
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Fig. 5. Effects of blocking the tryptophan-kynurenine metabolism pathway on MEHHP-mediated LM cell survival. (A) Knockdown of SLC7A5 and SLC7A8 in
LM cells significantly decreased their gene-expression levels as assessed by RT-qPCR (n = 4). (B and () The effects of SLC7A5 and SLC7A8 knockdown on
tryptophan-mediated LM cell survival. Twenty-four hours after siRNA transfection, LM cells were treated with vehicle (water) or 70 uM tryptophan for 72 h
followed by assessment of cell viability (B) and apoptosis (C) by ApoTox-Glo Triplex Assay. Values were normalized to vehicle control for each group (n = 5).
(D and E) The effects of SLC7A5 and SLC7A8 knockdown on MEHHP-mediated LM cell viability (D) and apoptosis (E). As in B and C, after siRNA transfection,
LM cells were treated with vehicle or 1.6 pM MEHHP followed by analysis with the ApoTox-Glo Triplex Assay. Values were normalized to vehicle control for
each group (n = 5). (F) Two different siRNAs for TDO2 (siTDO2_1, siTDO2_2) significantly decreased its gene expression in LM cells (n = 3). (G and H) Knock-
down of TDO2 reduced the prosurvival effects of MEHHP on LM cells. The cells were transfected with siRNA and treated with MEHHP, followed by assess-
ment with the ApoTox-Glo Triplex Assay for cell viability (G) and apoptosis (H) (n = 5). Values were normalized to vehicle control for each group. Values are
presented as mean + SEM. Statistical analysis was performed using Student's t test or Dennett's multiple comparison test compared with control. *P < 0.05,

**P < 0.01, ***P < 0.001.

activation remain unclear. Intriguingly, we found that MEHHP
treatment increased tryptophan and kynurenine levels in LM cells.
Kynurenine acts as an endogenous ligand of AHR, which plays
important roles in antiapoptotic processes, by stimulating the
expression of interleukin (IL)-1p, interleukin (IL)-8, cyclooxygen-
ase (COX)-2, and NF-kB subunit RelB (53—55). Under the con-
ditions of robust AHR suppression, MEHHP induced apoptosis
(Fig. 3 G and H). We speculate that MEHHP-enhanced apopto-
sis in the presence of profound AHR suppression was due to per-
turbing the balance between AHR and an alternative pathway
(56, 57).

Consistent with elevated cellular tryptophan and kynurenine
levels, MEHHP treatment stimulated the expression of amino
acid transporters SLC7A5 and SLC7A8 that are respon-
sible for tryptophan uptake in mammalian cells and TDO?2,
which is the key and rate-limiting enzyme catalyzing the con-
version of tryptophan to kynurenine. Depletion of SLC7A8
and SLC7A5 or blocking TDO2 function with inhibitors

PNAS 2022 Vol. 119 No.47 2208886119

significantly reduced the effects of MEHHP on LM cell sur-
vival. Together, these findings strongly suggest that MEHHP
activates the AHR pathway and supports LM cell survival at
least partially via promoting cellular tryptophan uptake and
kynurenine production. In addition, recent studies have
revealed that LM tissue exhibited higher TDO2, SLC7AS5,
SLC7A8, and CYP1B1 gene expression, and higher kynure-
nine levels compared with MM tissue (33, 34, 58). The AHR
pathway in fibroid tissue is activated and leads to higher
CYP1B1 expression (ST Appendix, Fig. S6A), because of higher
levels of tryptophan-uptake and its downstream product
kynurenine. In contrast to its consistent effect on LM cells,
MEHHP did not increase the MM cell viability (S7 Appendix,
Fig. S4A4) and showed weaker or variable effects on apoptosis
(S Appendix, Fig. S4B). These differences with respect to the
MEHHP effect between LM and MM cells may be due to
strikingly lower activation of the tryptophan-kynurenine-AHR
pathway in MM cells.
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Previous studies have shown that phthalates and their metabo-
lites inhibit the activity of aminocarboxymuconate semialdehyde
decarboxylase (ACMSD) (29) and quinolinate phosphoribosyl
transferase (QPRT) (59), two enzymes downstream of TDO2 in
the tryptophan-kynurenine metabolism pathway, leading to
increased QA levels in exposed animals (29, 60). Whether this
mechanism also contributes to the altered tryptophan metabolite
levels in LM cells warrants further study.

Importantly, we used LM cells harvested from human tssue
rather than cell lines to perform these experiments, thus increasing
the physiological relevance of our findings. We observed consis-
tent effects of MEHHP on cell viability and apoptosis in LM cells
isolated from different patient samples, although the extent of the
effects (not surprisingly) varied between LM samples from individ-
ual subjects. Exposure to EDCs, especially DEHP, has long been
reported to be a risk factor for LM, and Black women, who are
more likely to develop LM, also have higher levels of environmen-
tal exposure to EDCs (61-64). Nonetheless, the influence of these
chemicals on LM pathogenesis is understudied (65).

We have provided mechanistic evidence that the DEHP metab-
olite MEHHP is a critical risk factor for LM growth via the activa-
tion of the tryptophan-kynurenine-AHR axis, a key pathway
involved in tumorigenesis in various tissues. One limitation of our
study is that we primarily focused on defining the in vitro effects
of one candidate DEHP metabolite, MEHHP, on LM cells, which
does not mimic the exposure to the complex mixture of EDCs
that occur in daily human life. Further studies using the xenograft
mouse model are needed to investigate whether DEHP exposure
interferes with the tryptophan-kynurenine-AHR pathway and
stimulates tumor growth in vivo (4). The interaction between
phthalates and steroid hormones is one of the important areas for
future investigation. The inhibitory cross-talk between AHR and
steroid hormones has been reported (66). In addition, it is specu-
lated that the effects of DEHP and its metabolites vary by cell and
tissue. DEHP showed estrogenic activity in some in vitro and
in vivo systems (67, 68), but not in the others (69, 70) or antago-
nized estradiol-induced estrogen receptor function (71). DEHP is
an enhancing-estrogenic chemical rather than a directly estrogenic
(72). Li et al. (73) reported that DEHP decreased progesterone lev-
els and induced ovarian granulosa cell apoptosis in mice. However,
Crobeddu et al. (74) showed that DEHP and MEHP increased

breast cancer cell proliferation through progesterone receptor

https://doi.org/10.1073/pnas.2208886119

pathway activation. Progesterone and estrogen, through their
receptors, are essential for LM growth (4). Thus, future studies are
needed to understand the potential interactions between steroid
hormones, phthalates and the AHR pathway in LM growth.

This study explored the association of MEHHP with LM cell
growth and did not examine the development of LM. EDCs
might induce mutation, such as MEDI12 or epigenetic changes in
myometrial stem cells, leading their transformation into LM stem
cells. Numerious xenobiotics, including EDCs, are able to gener-
ate reactive oxygen species responsible for oxidative stress (75),
which has most recently been shown to drive MED12 mutations
in LM (76, 77). Amenya et al. (78) reported that AHR induces
epigenetic modification in mouse liver. They showed that dioxin
(TCDD) induced DNA demethylation of the AHR target gene,
Cyplal, through the AHR pathway. Further studies are needed
to determine whether MEHHP is associated with tumorigenesis
of LM through the AHR pathway.

The present study addresses the effects of phthalate exposure in
adult life. In utero or prepubertal phthalate exposure may also pre-
dispose women to fibroid development and growth. It is possible
that both developmental and adult exposure may be mediated
through the AHR or alternative pathways. This is because different
exposure windows often use different pathways to exert toxicity.
For example, a chemical exposure during development may induce
or inhibit one pathway, whereas a chemical exposure during adult-
hood may inhibit or induce another pathway. Furthermore, the
expression of the AHR changes in some tissues during development
and adulthood and this could lead to different responses (79, 80)

Our study uniquely links environmental phthalate exposure to
LM growth through stimulation of tryptophan metabolism, kynur-
enine production, and AHR activation. We identified MEHHP
exposure as a high-risk factor for LM growth and described a previ-
ously unrecognized mechanism by which exposure to environmen-
tal phthalate impacts LM pathogenesis. These findings are expected
to open new avenues in the uterine LM research field and facilitate
the development of novel strategies for the treatment or prevention

of the disease.

Materials and Methods
Epidemiological Data Analysis to Evaluate the Associations of

Phthalate Metabolite Concentrations with LM Risk. Using data from the
MWHS (35), we evaluated bivariable associations between urinary concentrations
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of phthalate metabolites with LM diagnosis using a Kruskal-Wallis test to com-
pare geometric mean phthalate metabolite concentrations in women with or with-
out LM. Details about the study, including LM diagnosis, quantification of urinary
phthalate metabolite concentrations, and collection of covariate data, were
described previously (17). We also assessed associations of urinary concentrations
of nine phthalate metabolites (MEHP, MEHHP, MEOHP, MECPP, MCPP, MBzP,
MEP, MBP, and MiBP) as a mixture with prior LM diagnosis. We evaluated the
overall association of a phthalate metabolite mixture with risk of prior LM diagno-
sis using WQS regression (WQSR) with repeated holdout approach via Poisson
regression and identified which metabolites were the most significant contribu-
tors (81, 82). For our analyses, we generated results using 100 repeated holdouts
and 100 bootstraps, and data were randomly split into 40% training and 60% val-
idation datasets within each iteration. We converted metabolite concentrations
into deciles and constrained WQSR models in the positive direction given our
prior results showing that individual phthalate metabolites were associated with a
higher risk of prior LM diagnosis. WQSR models accounted for race/ethnicity,
income, age at menarche, oral contraceptive use, parity, fertility consultation, and
midlife body mass index, and urinary phthalate metabolite concentrations were
specific gravity-adjusted. We performed analyses in R Statistical Software (83)
using the "gWQS: Generalized Weighted Quantile Sum Regression” (v3.0.4)
R package (84).

Materials. The chemicals and pharmacological inhibitors used in this study are
listed in SI Appendix, Table S4.

Tissue Collection and Primary Cell Preparation. The Institutional Review
Board at Northwestern University approved this study. Informed consent was
obtained before surgery. Human LM and MM tissues were obtained from preme-
nopausal women undergoing myomectomy or hysterectomy (n = 48 [primary
cell culture, n = 29; RNA extraction from tissues, n = 19], mean age [+ SD],
43.1 [+ 5.1]y; range, 30 to 54 y). These patients had not been subjected to hor-
monal treatment at least for 3 mo before tissue collection. We did not record the
race or ethnicity of these patients. Primary LM and MM cells were prepared as
described in previous studies (85). Briefly, fresh tissues were manually cut into
small pieces (1 to 2 mm?), followed by incubation for 5 to 6 h in Hank's buffer
containing 1% penicillin/streptomycin (15140122, Sigma-Aldrich), 1.5 mg/mL
collagenase type 1 (C0130, Sigma-Aldrich), and 8 mg/mL DNase | (D5025,
Sigma-Aldrich) at 37°C on a shaker. The dissociated cells were cultured in
Smooth Muscle Cell Growth Medium-2 (CC-3182, Lonza) with SingleQuozs
(CC-4149, Lonza) supplements in humidified air at 37 °C with 5% CO,. All cells
were used within two passages, which produced clinically and functionally rele-
vant molecular results over the past 28 y (86, 87). We used primary cells isolated
from five to eight patients for each experiment.

Cell Viability, Cytotoxicity, and Apoptosis Assay (ApoTox-Glo Triplex
Assay). The effects of EPI mixture, BAD mixture, MEHHP, and DEHP on viability,
cytotoxicity, and apoptosis of LM and MM cells were evaluated by ApoTox-Glo Tri-
plex Assay (G6320, Promega) following the manufacturer's protocol. Briefly,
8,000 to 10,000 cells per well were cultured in 96-well white-walled plates
(3610, Corning) overnight. The cells were starved with phenol red-free DMEM/
F12 (11039-047, Thermo Fisher Scientific) with 0.2% charcoal-stripped (cs}-FBS
for 24 h. Then, cells were treated with vehicle or three different concentrations of
phthalates for 48 and 72 h. The detailed doses were described in the correspond-
ing figures and figure legends. Then, 20 pL of viability/cytotoxicity reagent was
added to each well and incubated for 30 min at 37 °C, and fluorescence was
measured at 400g,/505gy, (viability) and 485g,/520¢, (cytotoxicity). Next, 100 plL
of Caspase-Glo 3/7 regent was added to each well and incubated for 30 min at
room temperature, and the luminescence signal was measured for evaluating cas-
pase 3/7 activation, a hallmark of apoptosis. Fluorescence and luminescence were
measured by SpectraMax i3.

Total RNA Extraction and Real-Time Quantitative PCR. Total RNA from
LM and matched MM tissue or cultured primary LM cells was extracted using the
RNeasy Mini Kit according to the manufacturer's instructions (74106, Qiagen).
Total RNA was converted to ¢DNA using the gScript cDNA synthesis kit (95047,
Quanta Biosciences). Realtime quantitative PCR (RT-gPCR) was used to determine
the mRNA levels of CYP1AT, CYP1B1, AHR, SCL7A5, SCL7A8, and TDO2 on the
QuantStudio 5 System (ThermoFisher Scientific) with TagMan Universal PCR
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master mix (4304437, Thermo Fisher Scientific). Primers used for PCR are listed
in SI Appendix, Table S5. The PCR machine was programmed as follows: 50 °C
for 2 min and 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 seconds
and 60 °C for 1 min. The difference in cycle threshold (ACt) was calculated by
subtracting the Ct for internal control from the Ct for target genes to determine
the relative transcript levels. Hypoxanthine phosphoribosyl transferase 1 (HPRT1)
was used as the internal control.

Annexin V-Propidium lodide Apoptosis Analysis. After reaching 70%
confluency, LM cells were starved and treated with 1.6 uM MEHHP for 48 h in
phenol red-free DMEM/F12 with 0.2% cs-FBS. Apoptotic cells were measured
using the Annexin-V apoptosis detection kit (ab14085, abcam) following the
manufacturer's instructions. Briefly, the cells were collected and resuspended in
500 pL of Annexin V binding buffer and incubated with 5 pL of FITC-conjugated
Annexin V and 5pul of propidium iodide for 15min in the dark. The cells
were examined using a BD LSR Fortessa 1 Analyzer and FlowJo software
(BD Biosciences).

Cell Cycle Distribution Analysis. LM cells were treated similarly as for
Annexin V-propidium iodide (Pl) apoptosis analysis. After 48 h of treatment,
BrdU was added to the cells and incubated for 24 h. BrdU incorporation was
detected using the FITC BrdU Flow Kit (559619, BD Bioscience) following the
manufacturer's instructions. Cells were fixed and treated with DNase, and FITC-
conjugated anti-BrdU antibody and 7-amino-actinomycin D were added. The cells
were examined using a BD LSR Fortessa 1 Analyzer and FlowJo software.

Hydrophilic Metabolite Profiling. The steady-state levels of tryptophan
metabolites within the kynurenine pathway (3-hydroxy-anthranilic acid, 3-HK,
kynurenic acid, kynurenine, nicotinamide adenine dinucleotide, picolinic acid,
QA, tryptophan, XA) were semiquantified by high-performance LC and high-
resolution MS and tandem MS (HPLC-MS/MS). LM cells were cultured in 15-cm
dishes and treated similarly as described for Annexin V-PI apoptosis analysis.
After 72 h of treatment, the cells were harvested with 2 mL 80% methanol on
dry ice and lysed with two rounds of incubation at —80 °C for 5 min and vortex-
ing for 60 s. The lysates were stored at —80 °C overnight. Then, the lysates were
centrifuged at 20,000 x g for 15 min at 4 °C and the supernatants were trans-
ferred to new tubes for metabolite analysis. Cell pellets were dissolved in 8M
Urea solution, and the protein levels of individual samples were quantified with
the BCA Protein Assay kit (23225, Thermo Fisher) for metabolite level normaliza-
tion. The metabolite levels were analyzed by HPLC-MS/MS at the Northwestern
University Metabolomics Core Facility, as described previously (88).

Immunocytochemistry Assay for AHR Nuclear Localization. For the
immunocytochemistry assay, 15,000 to 20,000 LM cells were cultured in eight-
well chamber slides (354118, BD Falcon) overnight and treated with 10 nM
TCDD or 1.6 pM MEHHP for 24 h. Then, the cells were fixed with 4% paraformal-
dehyde for 15 min followed by permeabilization with 0.1% Triton X-100 in PBS
for 15 min on ice. After blocking with 2% BSA in PBS for 30 min, the slides were
incubated with antibody (1/100, GTX22770, RPT1, GeneTex) overnight at 4 °C.
Then, the slides were incubated for 1 h with secondary antibody Alexa Fluor 488
goat anti-mouse IgG (H+L) (1/500, A-11001, Thermo Fisher Scientific), followed
by DAPI (1 pg/ml) nuclear staining. Images were captured using a Leica
DM5000 B microscope attached to a Leica DFC450 C digital microscope camera
(Leica). The levels of AHR nuclear localization were quantified using NIH ImageJ
software (89). The fluorescent signal of the AHR* nuclear area was measured
and normalized to that of the DAPI™ nuclear area.

Gene Silencing-siRNA Transfection. LM cells were transfected with siRNAs
with Lipofectamine RNAIMAX (13778-150, Thermo Fisher Scientific) following
the manufacturer's protocol. Briefly, cells were cultured to 70 to 80% confluence.
siRNAs were incubated with Lipofectamine RNAIMAX in Opti-MEM (31985,
Thermo Fisher Scientific) for 15 min to form complexes, which were then added
to the cells cultured in DMEM/F12 or tryptophan-free DMEM/F12 medium
(D9807-04, US Biological Life Sciences) with 10% cs-FBS. siRNAs used are listed
in SI Appendlix, Table S5. After a 24-h incubation period, the cells were starved
in phenol red-free DMEM/F12 or tryptophan-free DMEM/F12 with 0.2% cs-FBS
overnight, followed by treatment with 1.6 pM MEHHP or L-tryptophan (53987,
Selleck Chemicals) for 72 h. Cell viability and apoptosis were evaluated using
the ApoTox-Glo Triplex Assay.
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Protein Extraction and Immunoblotting Analysis. The cells were treated
similarly as in the Annexin V-PI apoptosis analysis. After 24 h of treatment, cells
were lysed in radicimmunoprecipitation buffer with protease inhibitor mixture
(5871, Cell Signaling Technology) by incubating for 30 min on ice. After centrifu-
gation (14,000 x g for 15 min at 4 °C), the protein amount in the supernatant
was quantified using BCA Protein Assay kit (23225, Thermo Fisher). Then, the
protein was diluted with 4x LDS sample buffer (NPOOO7, Thermo Fisher), elec-
trophoresed on a NuPage Novex 4-12% Bis-Tris Gel (NP0O335BOX, Thermo
Fisher), and transferred onto polyvinylidene difluoride membrane (29301-854,
VWR Interational). Primary and secondary antibodies used for immunoblotting
are listed in S/ Appendix, Table Sé. Incubation with primary antibodies (AHR,
SLC7A5) was performed at 4 °C in 5% nonfat milk (170-6404, Bio-Rad) over-
night. Anti-B-actin (ACTB) was used as a loading control. The membranes were
then washed and incubated with the appropriate horseradish peroxidase-
conjugated secondary antibodies for 1 h at room temperature. Detection was
performed by using Luminata Crescendo horseradish peroxidase substrate
(WBLUR0500, Millipore) or SuperSignal West Femto Substrate (34096, Thermo
Fisher). Immunoblot images were captured by iBright CL1500 imaging system
(Thermo Fisher) and each protein was quantified using ImageJ software.

Statistical Analysis for Molecular Studies. Al statistical analyses were per-
formed using R software (83). One-way ANOVA followed by Dunnett's test was
performed to compare the means of several experimental groups against the con-
trol group. Paired Student's ¢ test or Wilcoxon signed rank test was performed to
compare the means between two experimental groups. The detailed descriptions
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